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The complex structure and magnetism of Pr2−xBixRu2O7 was investigated by neutron scattering
and EXAFS. Pr has an approximate doublet ground-state and the first excited state is a singlet. This
overall crystal field level scheme is similar to metallic Pr2Ir2O7, which is also reported here. While
the B-site (Ru) is well ordered throughout, this is not the case for the A-site (Pr/Bi). A distribution
of the Pr-O2 bond length indicates the Pr environment is not uniform even for x = 0. The Bi
environment is highly disordered ostensibly due to the 6s lone pairs on Bi3+. Correspondingly we
find the non-Kramers doublet ground state degeneracy otherwise anticipated for Pr in the pyrochlore
structure is lifted so as to produce a quadrupolar singlet ground state with a spatially varying
energy gap. For x = 0, below TN , the Ru sublattice orders antiferromagnetically, with propagation
vector k= (0,0,0), as for Y2Ru2O7. No ordering associated with the Pr sublattice is observed down
to 100 mK. The low energy magnetic response of Pr2−xBixRu2O7 features a broad spectrum of
magnetic excitations associated with inhomogeneous splitting of the Pr quasi-doublet ground state.
For x = 0 (x = 0.97) the spectrum is temperature dependent (independent). It appears disorder
associated with Bi alloying enhances the inhomogeneous Pr crystal field level splitting so that inter-
site interactions become irrelevant for x = 0.97. The structural complexity for the A-site may be
reflected in the hysteretic uniform magnetization of B-site ruthenium in the Ne´el phase.
PACS numbers: 75.10.Dg, 61.05.cj, 71.70.Ch, 75.30.Kz
I. INTRODUCTION
In pyrochlore materials, with the general formula
A2B2O7, the A and B site ions form an interpenetrating
network of corner-sharing tetrahedra.1 When populated
by magnetic ions with nearest neighbor antiferromagnetic
(AFM) interactions these materials display anomalous
frustrated magnetism.2 For classical spins and nearest
neighbor interactions the ground-state is a manifold char-
acterized by zero magnetization on every tetrahedron.3
Correspondingly pyrochlore magnets remain paramag-
netic to much lower temperatures than their Curie-Weiss
temperature (|ΘCW |) where the collective properties are
determined by longer range or anisotropic interactions
and thermal and/or quantum fluctuations. The resulting
low temperature phases include spin-glasses, spin-liquids,
and magneto-elastically induced Ne´el order.4–7
While the majority of pyrochlore magnets are insula-
tors, an interplay between magnetism and strong electron
correlations can occur when the B-site is a 4d- or 5d-
ion resulting in a metal-to-insulator transitions (MIT),
heavy fermion behavior and even superconductivity.8–11
The ruthenium pyrochlores for example display a variety
of ground states near a correlation induced MIT.12–19
Their electronic bandwidths are strongly influenced by
the Ru-O-Ru bond angle, which in turn is controlled by
the ionic radius of the A3+ ion.20 Thus R2Ru2O7 (R = Y,
rare earths) are insulating and show long-range magnetic
order while Bi2Ru2O7 is a Pauli paramagnet. Tl2Ru2O7
is a metal at room temperature and a spin-singlet insula-
tor below 120 K. Bulk measurements show antiferromag-
netic ordering of the Ru sublattice for the insulating com-
pounds with a critical temperature, TN , that decreases
monotonically from 160 K for Pr to 81 K for Yb; consis-
tent with the lanthanide contraction.14 The temperature
and energy scale of the magnetic interactions on the rare
earth sublattice is an order of magnitude lower than for
the transition metal B-site.12,13,15–17
In this paper we examine the structure and magnetism
of Pr2−xBixRu2O7 solid solutions.
21 Bulk measurements
show substituting Bi3+ for Pr3+ drives the system from
an antiferromagnetic insulator (x = 0) to a Pauli para-
2magnetic metal (x = 2). While this transition has been
observed in other Ru pyrochlores, in Pr2−xBixRu2O7 the
low-T specific heat is greatly enhanced, reminiscent of
what is observed in non-Fermi-liquid and heavy fermion
systems.
In both Pr2−xBixRu2O7 and Pr2Ir2O7, we find a quasi-
doublet ground-state for Pr and a singlet excited state
with analogous wave functions. In previous inelastic neu-
tron scattering experiments we showed the enhanced low-
T specific heat and heavy fermion-like properties are ac-
tually a consequence of a static inhomogeneous splitting
of the non-Kramers Pr3+ ground-state doublet. Here we
show that even without Bi substitution in Pr2Ru2O7,
the ground state degeneracy anticipated for non-Kramers
praseodymium in the pyrochlore lattice A-site is lifted.
This is evidence of a local structural distortion that
breaks the three fold rotation axis. Through EXAFS,
we then provide direct structural evidence for a distribu-
tion of coordinating environments for praseodymium in
Pr2Ru2O7. While the B-site (Ru) environment remains
well ordered throughout the series, the A-site becomes
progressively disordered with increasing x, primarily near
bismuth.
For x = 0, below TN , the Ru sublattice orders in a sim-
ilar arrangement as for Y2Ru2O7 so this order does not
appear to be influenced by the Pr rare earth anisotropy.14
For the Pr sublattice however, no order is detected by
diffraction down to 1.5 K for any x. The specific heat
has a Schottky-like anomaly centered at 3 K but no
further anomalies associated with magnetic ordering at
least down to 0.1 K. Probed by inelastic neutron scat-
tering, the low energy magnetic excitation spectrum of
Pr2−xBixRu2O7 shows the corresponding mode of exci-
tation. In the temperature dependence of the excitation
spectrum we provide evidence for collective effects from
Pr-Pr interactions for Pr2Ru2O7, these are shown to van-
ish for x = 0.97 where the temperature dependence of the
inelastic scattering can be described by inhomogenous
single ion physics.
II. EXPERIMENTAL TECHNIQUES
Powdered samples of Pr2−xBixO7 (x = 0, x = 0.97
and x = 2) and Pr2Ir2O7 were synthesized using the solid
state reaction method. For the Ru containing samples,
mixtures of Pr2O3, Bi2O3 and RuO2 in proper molar ra-
tios were pre-reacted at 850 ◦C for 15 h in air and then
ground and pressed into pellets. In the case of Pr2Ir2O7
mixtures of Pr6O11 and IrO3 in proper molar ratios were
pressed into pellets. The pellets were subsequently sin-
tered at 1000-1200 ◦C in air with intermediate grindings.
All samples were characterized by powder X-ray diffrac-
tion. These measurements showed the samples all adopt
the cubic pyrochlore structure and are single phase, ex-
cept for the x = 0 sample which contained 3.38(5) wt
% of unreacted RuO2. Detailed bulk measurements on
these samples have been reported elsewhere.21,23
For the heat capacity measurement Pr2Ru2O7 pow-
der was thoroughly mixed with silver powder 50% by
weight and cold pressed into a solid pellet to achieve
adequate thermal conductivity for thermal equilibration.
Data were collected down to 90 mK with the adiabatic
relaxation method using a commercial Physical Prop-
erty Measurement System (PPMS) Dilution Refrigerator.
The specific heat capacity of Pr2Ru2O7 was obtained by
subtracting the measured specific heat capacity of silver
from the measured total heat capacity.24
EXAFS studies were carried out at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) for all the metal
edges in x = 0.97 and the pure end compounds x = 0 and
x = 2. Transmission mode EXAFS data were collected
for the Pr LIII-edge (5964 eV), Bi LIII-edge (13419 eV),
and Ru K-edge (22,117 eV). We used a Si (220) double
monochromator for the Ru edge and Si (111) crystals for
the Bi and Pr LIII edges. The slit height was 0.5 mm,
giving energy resolutions of 1 eV for the Pr LIII-edge,
and ∼2.7 eV for the Bi LIII- and the Ru K-edge. The
monochromator was detuned 50% for the Pr and Bi LIII
edges and 30% for the Ru K-edge to minimize harmon-
ics. EXAFS samples were prepared by first brushing fine
powder (≤ 5 µm) onto scotch tape; two pieces of tape
were then pressed together (double layer) to encapsulate
the powder. For the Ru edge we used 7, 9, and 15 double
layers for x = 2, x = 0.97 and x = 0 respectively. 3 dou-
ble layers were used for the Bi LIII edges, and 2 double
layers for the Pr LIII-edges.
Standard procedures were used to reduce the EXAFS
data.25 First a pre-edge subtraction was done to remove
absorption from other atoms; this yields the absorption
edge of interest, µedge. Then a spline was fit through the
data above the edge to obtain an estimate of the absorp-
tion, µ0, with no photoelectron backscattering. Next the
EXAFS oscillations, χ(E), were obtained from µedge =
µ0(1+χ(E)), and χ(E) converted to χ(k) using h¯
2 k2/2m
= E − E0, where E0 is the absorption edge energy. Fi-
nally knχ(k) (usually n = 1-3) was Fourier transformed
(FT) into r-space, where peaks in the FT correspond to
various neighboring shells about the absorbing atom.
Powder neutron diffraction data were collected on the
x = 0 sample at the National Institute of Standards
and Technology in Gaithersburg, Maryland (BT1) and
the ISIS Facility, Rutherford Appleton Laboratory, UK
(HRPD). For the BT1 experiment a 10 g sample was
sealed in a vanadium container with length 50 mm and di-
ameter 10.8 mm and temperature was controlled in a He
cryostat. A Ge (311) monochromator with a 90◦ take-off
angle (λ= 2.079 A˚) and 15 minutes of arc in-pile collima-
tion were used. Data sets were collected for temperatures
between 1.5 K and 180 K and scattering angle 2θ from
3-168◦ with a step size of 0.05◦. For the HRPD experi-
ment 10 g of sample was placed in a vanadium container
15 mm×20 mm×10 mm (h×w×d) within a He cryostat.
Data sets were collected for temperatures between 2 K
and 300 K using 10 ms to 110 ms chopper settings. Ri-
etveld analysis of the neutron powder diffraction patterns
3was performed using the Fullprof software package.26
Inelastic neutron scattering experiments were carried
out at the ISIS Facility, Rutherford Appleton Laboratory,
UK. High energy data were collected on all samples using
the time-of-flight (TOF) spectrometer HET. Additional
low energy data were collected on the x = 0 sample using
the IRIS spectrometer.27,28 For the HET experiment the
samples were loaded in an Al sachet and the total mass
of sample in the beam was 19.2 g for x = 0, 24.9 g for
x = 0.97, 22.55 g for x = 2 and 14.086 g for Pr2Ir2O7.
The samples were loaded into a top loading closed cycle
He refrigerator. Incident energies of Ei= 35 and 160
meV were used for this experiment, the full width at half
maximum (FWHM) energy resolution at the elastic line
was 1.4 meV and 7 meV respectively. Data were collected
at 5 K and 200 K. More details on normalization and the
correction for the phonon contribution to the scattering
data will be given below. Crystal Field (CF) analysis of
the data was performed using the FOCUS program.33
The IRIS experiment was carried out on 15 g of
Pr2Ru2O7. The sample was held in a sealed 2 mm double
walled Al can with diameter 23 mm and height 53 mm
and loaded into a He cryostat. Bandwidth disk choppers
selected an incident spectrum from 1.35 meV to 4.6 meV
above Ef = 1.847 meV pulsed at 25 Hz and a backscat-
tering pyrolytic graphite analyzer bank with a 25 K Be
filter selected the final energy, Ef . The FWHM elastic
energy resolution was 17.5 µeV. Data were collected over
a temperature range from 1.5 K to 200 K.
The magnetic neutron scattering cross-section of a
powder sample at wave vector transfer Q and energy
transfer h¯ω can be written as29
d2σ
dΩdE′
=
kf
ki
(γr0)
2|
g
2
F (Q)|2
∫
dΩ
Qˆ
4π
×
∑
α,β
(δαβ − QˆαQˆβ)S
αβ(Q, ω) (1)
where γ= -1.913 and g are the spectroscopic g-factors
of the neutron and the magnetic ion respectively, r0 =
e2/mec
2 = 2.82 fm is the classical electron radius, and
F (Q) is the magnetic form factor.30 The dynamic spin
correlation function Sαβ(Q, ω) is given by
Sαβ(Q, ω) =
1
2πh¯
∫
dteiωt
×
1
N
∑
ij
〈Sαi (t)S
β
j (0)〉e
−iQ·(Ri−Rj). (2)
Here N is the number of formula units encompassed in
each of the double summations. Sαβ(Q, ω) can be related
to the generalized susceptibility through the fluctuation-
dissipation theorem29
S(Q, ω) =
1
1− e−βh¯ω
χ′′(Q, ω)
π(gµB)2
(3)
where β = 1/kBT and χ
′′ denotes the imaginary part of
the generalized susceptibility. In a system that contains
magnetic rare earth ions where the free ion ground-state
J multiplet is split due to the effect of a CF, the general-
ized susceptibility can be calculated from the eigenfunc-
tions and energies of the CF Hamiltonian. For a cubic
material where inter-site interactions are treated in the
Random Phase Approximation, the generalized suscepti-
bility per formula unit can be expressed as
χ(Q, ω) =
n
3
∑
α
χαα0 (ω)
1− λ(Q)χαα0 (ω)
(4)
where n is the number of magnetic ions per formula unit,
λ(Q) is the exchange interaction and χαβ0 (ω) is the single
site susceptibility, which can be expressed as follows31
χαβ0 (ω) =
(gµB)
2 lim
ǫ→0+
[
∑
p,q
Ep 6=Eq
< p|Jα|q >< q|Jβ |p >
Ep − Eq − ω − iǫ
(nq − np)
+
1
kBT
ǫ
ǫ− iω
(
∑
p,q
Ep=Eq
< p|Jα|q >< q|Jβ |p > np
− < Jα >< Jβ >)]. (5)
Here Jα indicates a carterian component (α = x, y, z) of
the angular momentum operator, |p > and Ep are the
eigenfunctions and energies of the crystal field Hamilto-
nian HCF , and np is the thermal population factor. For
Pr3+ ions in the pyrochlore structure we expect the 9-
fold degenerate free ion ground-state J multiplet 4H3 to
split into 3 doublets and 3 singlets under the effect of
the D3d symmetric HCF . Choosing [111] as the quanti-
zation axis, the single-ion crystal field Hamiltonian takes
the form:
HCF = B
0
2O
0
4 +B
0
4O
0
4 +B
3
4O
3
4 +B
0
6O
0
6 +B
3
6O
3
6 +B
6
6O
6
6
(6)
where Bmn are the CF parameters and O
m
n are Stevens
operator equivalents of the CF tensor operators as dis-
cussed by Hutchings.32 Here the CF interaction in the
LS coupling scheme is treated as a perturbation within
the ground-state J multiplet only.
The following corrections were applied to the neutron
counts in the time histograms collected on both HET and
IRIS. First a time-independent background measured for
h¯ω ≈ -Ef was subtracted. Then the data were scaled to
the relevant count rate in a pre-sample monitor and fi-
nally converted into h¯ω histograms. This procedure gives
h¯ω-dependent data I(Q, h¯ω), which are related to the
scattering cross-section through convolution with a reso-
lution function, as follows:
I(Q, h¯ω) = CN
∫
dQ′h¯dω′RQω(Q−Q
′, ω − ω′)
×
ki
kf
d2σ
dΩdE′
(Q′, ω′), (7)
where N is the number of formula units in the sam-
ple, and C is the spectrometer constant. The instru-
mental resolution function RQω is assumed to be unity
4normalised:
1 ≡
∫
RQω(Q−Q
′, ω − ω′)dQ′dω′ (8)
The normalized intensity I˜(Q, h¯ω) is related to the
measured intensity as follows
I˜(Q, h¯ω) =
I(Q, h¯ω)
CN
. (9)
Thus I˜(Q, h¯ω) is the resolution smeared partial differen-
tial scattering cross section per formula unit which we
express in absolute units of mbarn sr−1 meV−1 f.u.−1.
For the HET experiment, CN was determine by mea-
suring the incoherent scattering from a standard flat
vanadium slab sample for each of the chosen incident
energies. For the IRIS experiment, CN was determined
from Bragg scattering through a method that has been
described elsewhere.34 These procedures yield absolute
measurements of I˜(Q, h¯ω) to an overall scale accuracy of
20 %.
III. RESULTS
A. EXAFS measurements
To investigate possible distortions in the local structure
we carried out EXAFS measurements. Here we present
the main results of the EXAFS analysis.
In Figure 1a,b we first show the experimental r-space
plots (FTkχ(k)) at T=4 K (solid squares) for the A-site
atoms (Pr and Bi) in the end compounds x = 0 and
x = 2. The first peak in each scan is the metal-O peak,
near 2.0-2.5 A˚; a sum of Pr-O2 (2.243 A˚) and Pr-O1
(2.546 A˚) for the Pr LIII edge, and a sum of Bi-O2 (2.228
A˚) and Bi-O1 (2.538 A˚) peaks for the Bi LIII edge. The
next peak (near 3.3 A˚) is a combination of metal-metal
peaks, i.e. for x = 0 at the Pr edge it would be a sum of
Pr-Ru and Pr-Pr peaks.
Note the peaks in the EXAFS spectra are shifted to
lower r compared to the actual distances, by a well known
phase factor. For example the two Pr-O peaks in the
EXAFS spectra of Fig. 1(a) are located at∼ 1.8 and 2.1 A˚
if plotted separately - a shift of roughly -0.45 A˚. For these
peaks, the r-space phase (real part of the transform) of
the peak for the shortest Pr-O2 distance (2 neighbours) is
nearly out of phase with that for the longer distance Pr-
O1 peak (6 neighbours), leading to a dip in the spectra
at 1.8 A˚.
Figure 1c, d shows the corresponding Ru K-edge data
for the two pure samples (solid squares); c) x = 0, d)
x = 2. The two data sets are very similar. For Ru, there
is only one nearby O neighbor (O1), while the second
peak is a sum of Ru-Ru and either Ru-Pr (Fig. 1(c)) or
Ru-Bi (Fig. 1(d)).
A quick evaluation of the data is obtained by simulat-
ing the EXAFS r-space data using the program FEFF8.2,
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FIG. 1. EXAFS r-space data at 4K for a) the Pr LIII−, b)
the Bi LIII-edge, and c), d) the Ru K-edges for x = 0 and
x = 2 respectively; the data are shown as solid squares. The
solid line in each panel is a simulation (not a fit) using the
program FEFF8.2, the ordered pyrochlore structure, and a
global broadening parameter (0.07 A˚ for Pr and 0.08 A˚ for
Bi). For the Ru edge data, we used 0.0725 A˚ for x = 0 and
0.05 A˚ for x = 2. The largest deviations are for the Bi LIII
edge at the first neighbor O peak near 2 A˚ (a sum of Bi-O1 and
Bi-O2 contributions). The FT ranges are Pr LIII, 3.5-10 A˚
−1;
Ru K, 4.5-14 A˚−1; and Bi LIII, 4-14 A˚
−1; with a Gaussian
rounding of the transform window by 0.3 A˚−1. In this and
subsequent r-space plots, the fast oscillation is the real part
R of the FT while the envelop function is ± √R2 + I2 where
I is the imaginary part of the FT.
the known ordered pyrochlore structure, and a global
broadening (pair distribution width, σ) for all peaks.35,36
These simulations are shown as solid lines in Figure 1,
with σ = 0.07 and 0.08 A˚ for the Pr and Bi edges respec-
tively, and 0.0725 and 0.05 A˚ for the Ru K-edge data for
x = 0 and x = 2. Note that the only parameter adjusted
here was the global broadening.
This modeling shows the environment about Pr is rel-
atively well ordered (some disorder for Pr-O2 and Pr-Pr
is discussed later) whereas that about Bi is highly disor-
dered – the Bi-O1 peak which should occur near 2.1 A˚ in
Figure 1(b), is strongly suppressed. The weak peak near
1.7-1.8 A˚ is consistent with the small Bi-O2 peak (two O
neighbors located inside the Bi/Pr tetrahedra). For the
Ru edge data, the Ru-O1 peak near 1.6 A˚ is also well
ordered, surprisingly, even for the Bi sample which has
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FIG. 2. EXAFS r-space data at 4 K for x = 0.97: a) the
Pr LIII−, b) the Bi LIII− and c) the Ru K-edge. The solid
squares are the experimental data while the solid lines are
simulations, again using the program FEFF8.2, and global
broadening parameters (0.06 A˚ for Pr, 0.065 A˚ for Bi, and
0.05 A˚ for Ru). The largest deviation again occurs for the Bi
LIII data (panel b) at the O-peak near 2 A˚. Same FT ranges
as in Figure 1.
significant disorder of the Bi-O peak. Consequently since
the Ru-O1 peak has little disorder while the Bi-O1 peak
is disordered, Bi must be displaced from the usual A-site
position, in a direction perpendicular to the Bi-O2 axis.
This leads to a small distortion of the Bi-O2 peak.
Next we consider disorder in the mixed sample, x =
0.97. In Figure 2 we show the r-space plots for the three
edges (Pr and Bi LIII-, and Ru K-edge) at 4K. For each
plot the first peak corresponds to the nearest neighbor O
shell; both the combined Pr-O1/Pr-O2 peak in Fig. 2a
and the Ru-O1 peak in Fig. 2c have a large amplitude
indicating relatively little disorder. In contrast, the Bi-O
peak (Bi-O1 and Bi-O2) in panel b) is suppressed, mostly
at the position for Bi-O1, similar to the results for the
pure end compound x = 2. This indicates that Bi is also
displaced perpendicular to the Bi-O2 axis in the mixed
compound and by a comparable amount.
We find similar results at higher temperatures, the Ru-
O and most Pr-O peaks are generally well ordered while
the Bi-O peak is strongly suppressed, indicating signifi-
cant disorder. We also find that the Pr-Ru, Ru-Pr and
Ru-Ru second neighbor peaks are reasonably ordered,
but when Bi is present, peaks that include Bi second
neighbors (e.g. Pr-Bi or Ru-Bi) also have disorder.
B. Crystal field measurements
To determine the crystal field level scheme and the rel-
evant low energy spin degrees of freedom we carried out
high energy inelastic neutron scattering measurements
on HET. Three methods were used to determine and
then subtract the nonmagnetic phonon contribution to
the data. For Pr2−xBixO7 the scaling and direct subtrac-
tion methods were used, while for Pr2Ir2O7 the DISCUS
package was used.39 In all three methods the nonmag-
netic contribution to the neutron scattering at low angles
was subtracted by scaling the spectrum measured at high
wave vectors where the magnetic response is negligible.
In the so-called scaling method, the nonmagnetic con-
tribution at low angles (2θ ≈ 19◦) is estimated from
the measured scattering at high scattering angles (2θ ≈
135◦) by using an energy dependent scaling factor de-
termined from direct measurements on the Pauli para-
magnetic compound x = 2. This procedure is based
on two assumptions. First, the magnetic scattering in-
tensity, which is proportional to the square of the Pr3+
magnetic form factor, is negligible in the high angle scat-
tering data. Second, the energy dependent ratio between
phonon scattering at low and high scattering angles is
the same for all four compounds.
The second method employs a direct subtraction
method to estimate phonon contributions using the x = 2
compound as the phonon blank material, after account-
ing for the difference in the total scattering cross section
σ(x = 0.97)∼ 0.9σ(x = 2) and σ(x = 0)∼ 0.8σ(x =
2). Both methods produced a very similar magnetic
response though with less statistical error for the first
scaling method. As a result all the data collected on
Pr2−xBixO7 were analyzed using the first method. In the
case of Pr2Ir2O7 the DISCUS package uses a Monte Carlo
method to calculate a wave-vector-dependent scaling fac-
tor, which showed no significant energy dependence.
Figure 3 shows the total spectra for Pr2−xBixRu2O7
with x = 2, x = 0.97 and x = 0 measured at 5 K
with incident energies Ei= 35 meV and 160 meV for low
(2θ ≈19◦) and high (2θ ≈135◦) scattering angles. For
x = 0.97 and x = 0 the high angle spectra have been
scaled down using the energy dependent scaling factor
determined from the x = 2 data (solid lines in Figs. 3(a)
and 3(b)). At low scattering angles, corresponding to
Qel= 1.36 A˚
−1 and 2.91 A˚−1 respectively, the spectra
from = 0.97 and x = 0 contain both magnetic and
phonon contributions. In the high scattering angles spec-
tra, corresponding to Qel= 7.62 A˚
−1 and 16.30 A˚−1 re-
spectively however, the magnetic contributions are small
due to the very small form factor for Pr 4f electrons at
such large Q values. As shown in Figs. 3(a) and 3(b), the
inelastic response of x = 2 shows three clear peaks due to
one-phonon scattering at 30 meV, 45 meV and 75 meV.
These features are reproduced in the scaled high angle
scattering data of x = 0.97 and x = 0, indicating that
the phonon scattering is indeed similar for all three com-
pounds. This justifies use of the scaling method to esti-
6 
✁ 
✂ 
✄ 
 
✂
☎✁
✆
✝
✞
✟
✠
✡
☛
☞
✌
✟
✞
✍
✎
✏
 
✑
☎ 
☎✑
✒✓✔
✕✖
✗
✘✙
✗
✚
✛
☎✄  ✜✢✣
✤✥
✦✧★✩
✕✖
★✧✪✛
✘✙
✗
✚
✛
☎✄  ✜✢✣
 
✁ 
✂ 
✄ 
✒✢✔
✤✥
✗
✘✙
✗
✚
✛
✫✑ ✜✢✣
✬☎    ☎  ✁  ✫  ✬✑    ✑  ☎   ☎✑ 
✭✮ ✒✜✢✣✔
✯
✰
✱
✲
✳
✰
✴
✵
✶
✴
✷
✸
✶
✌
✹
✺
✹
✳
✒✻✔
✤✥
✗
✘✙
✗
✚
✛
☎✄  ✜✢✣
✤✥
✦✧★✩
✕✖
★✧✪✛
✘✙
✗
✚
✛
✫✑ ✜✢✣
✒✼✔
✒✽✔
✕✖
✗
✘✙
✗
✚
✛
✫✑ ✜✢✣
✒✾✔
FIG. 3. Spectra of Pr2−xBixRu2O7 for x = 2 (a, b), x = 0.97
(c, d) and x = 0 (e, f) taken at 5 K and Ei= 35 meV and 160
meV. The spectra taken at low scattering angles (2θ= 19◦,
Qel= 1.36 A˚
−1 and 2.91 A˚−1 respectively) are shown as •
whereas those taken at high scattering angles (2θ= 135◦, Qel=
7.62 A˚−1 and 16.30 A˚−1) are shown as ◦. The solid line in
(a,b) shows the energy dependent scaling factor as determined
from fits to the x = 2 data. For x = 0.97 and x = 0 the
high angle data have been scaled using the energy dependent
scaling factor to show the estimate of the nonmagnetic phonon
contribution to the low angle angle data.
mate the phonon contribution to the low scattering angle
spectra for the x = 0 and x = 0.97 samples. Figures 4
and 5 show magnetic scattering from Pr2−xBixRu2O7
and Pr2Ir2O7, after subtracting the phonon and elastic
scattering, at 5 K and 200 K.
The magnetic neutron scattering cross section for
Pr2Ru2O7 at 5 K shows at least five magnetic excita-
tions centered near 10 meV, 50 meV, 85 meV, 105 meV,
and 116 meV energy transfer (Fig. 4(b) and 5(b)). Closer
examination of the 5 K data shows the excitations near
10 meV and 50 meV are broadened or split. The remain-
ing three high energy excitations take the form of isolated
resolution limited peaks.
Comparing the spectrum at 200 K with that at 5 K
the following changes are observed upon warming; the
strongest peak near 10 meV is broadened, decreases in
intensity and shifts upward to 12 meV. A new broad dou-
ble peak structure that resembles the broad 50 meV peak
appears near 40 meV. The three peaks near 100 meV re-
main in place but loose intensity on warming.
In the nominal D3d point group symmetry of the
pyrochlore lattice, Pr3+ has five CF excitations. The
broadening and splitting of the two lowest energy CF
excitation may indicate an inhomogenous environment
for praseodymium, something we also find evidence for
in high resolution measurements that will be described
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FIG. 4. The Ei= 35 meV magnetic response of
Pr2−xBixRu2O7 for x = 0.97 (a), x = 0 (b) and Pr2Ir2O7
(c) at low scattering angles (2θ= 19◦) at 5 K (◦) and 200 K
(•) after subtracting off the nonmagnetic phonon background.
The horizontal bar at 10 meV (15 meV for Pr2Ir2O7) indicates
the instrumental resolution at that energy transfer.
subsequently. Thermal expansion as well as magneto-
striction and dipole fields from Ru4+ ordering at TN =
165 K may be responsible for the modifications in the
lowest energy CF excitations near upon heating to 200 K.
Anomalous changes in crystal field excitations resulting
from ruthenium spin ordering were for example previ-
ously document in Ho2Ru2O7.
16
Thermal population of the 10 meV CF level for T =
200 K enables excitations from that level to higher energy
CF levels to which dipole transitions are allowed from the
excited state. Thus heating can produce extra versions of
higher excitations downshifted by≈ 12 meV, which is the
energy of the first excited CF state at 200 K. We inter-
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FIG. 5. The Ei= 160 meV magnetic response of
Pr2−xBixRu2O7 for x = 0.97 (a), x = 0 (b) and Pr2Ir2O7
(c) at low scattering angles (2θ= 19◦) at 5 K (◦) and 200 K
(•) after subtracting off the nonmagnetic phonon background.
The horizontal bar at 105 meV indicates the instrumental res-
olution at that energy transfer.
pret the heating induced peak near 40 meV as resulting
from this mechanism. This implies a finite dipole matrix
element between the 12 meV and 50 meV CF levels. On
the other hand the loss of intensity for the three upper
CF transitions indicates the dipole matrix elements be-
tween the first excited state state and these three levels
is small or even zero.
The corresponding 5 K data for the x = 0.97 sam-
ple also shows 5 excitations (Fig. 4(a) and 5(a)). We
associate all of these magnetic peaks with Pr3+ CF exci-
tations. Much as for Pr2Ru2O7, there are four relatively
sharp features centered at 9 meV, 83 meV, 103 meV
and 116 meV and a broad maximum near 50 meV. The
FWHM of these excitations is however, a factor 3 larger
than for x = 0, an effect we may ascribe to alloying in-
duced disorder in the electrostatic conditions for Pr3+.21
The effects of heating to 200 K are very similar to ob-
servations in Pr2Ru2O7. As the x = 0.97 sample has
no magnetic phase transition down to 2 K, the similar-
ity of the x = 0 and x = 0.97 data suggests ruthenium
magnetic ordering does not have a significant effect on
praseodymium here.
The 5 K and 200 K CF spectra for Pr2Ir2O7 are quite
similar to the ruthenium based pyrochlores (Fig. 4(c)
and 5(c)). There are again five energy levels; here lying
at 14 meV, 58 meV, 86 meV, 104 meV, and 120 meV.
The small maximum at the very top of the spectrum
in Fig. 5(c) may be a result of incomplete background
subtraction for this strongly absorbing sample, which
also is seen to impact the top of spectrum for Ei =
35 meV in Fig. 4(c). In comparison to the other sam-
ples, the shifts are largest for the lower energy levels,
which generally appear to respond more to the crys-
talline environment. The thermal effects in this sam-
ple, which as Pr1.03Bi0.97Ru2O7 has no magnetic order
on the transition metal site, are qualitatively similar to
both Pr2Ru2O7 and Pr1.03Bi0.97Ru2O7.
C. Neutron powder diffraction measurements
To determine the magnetic ordering and potential
structural distortions in Pr2Ru2O7, we carried out neu-
tron diffraction studies on BT1 at NIST and HRPD at
ISIS. Figure 6 shows the Rietveld fits to the 300 K (T
> TN ) and 100 K (T < TN ) data sets as collected on
HRPD. These fits show Pr2Ru2O7 adopts the cubic py-
rochlore structure and that the sample contained 3.46
wt % of unreacted RuO2. Fits of the crystal structure to
the data collected below TN revealed no evidence, within
the accuracy of the experiment, of a structural distortion
associated with the magnetic phase transition. They do
however show that below TN , certain low angle reflec-
tions gain intensity that cannot be accounted for by the
nuclear contributions alone (Figure 7 and Table I).
Figure 7 shows fits (of the crystal structure) to the low
angle part of the neutron powder diffraction profile of
x = 0 measured above and below TN . It can clearly be
seen that for T < TN there is additional intensity associ-
ated with the (111) and (220) reflections that can not be
accounted for by nuclear contributions only. As the sec-
ond phase RuO2 is a Pauli paramagnet, this additional
intensity must be due to long range ordering of Ru dipole
moments in Pr2Ru2O7. The enhanced (111) and (222)
magnetic scattering resembles our results for Y2Ru2O7,
but differs from the structures observed in Ho2Ru2O7 and
Er2Ru2O7.
14,16,17 Down to 1.5 K we did not detect ad-
ditional intensity that might be associated with ordering
and/or freezing of the Pr sublattice. This is consistent
with our heat capacity measurements, which show there
is no additional phase transition in the relevant low tem-
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FIG. 6. Neutron powder diffraction data of x = 0 at 300 K
(a) and 100 K (b) collected on HRPD. The solid black line
shows the Rietveld fit to the data, the residual of the fit (blue
line) is shown at the bottom of the plot. The upper and lower
tick marks indicate Bragg reflections coming from the crystal
structure of the x = 0 and RuO2 impurity phase respectively.
perature range (Figure 8).
D. Low energy excitations
To better understand the rare earth magnetism in
Pr2−xBixRu2O7 we carried out low energy inelastic neu-
tron scattering measurements on Pr2Ru2O7 using the
IRIS spectrometer. Figure 9 shows inelastic neutron scat-
tering at 1.5 K, 13 K, 100 K ( T < TN ) and 200 K
(T > TN ). At 1.5 K a sharp mode centered at ∼ 0.25
meV is observed. At this temperature the magnetic mo-
ments on the Ru sublattice are ordered and all the CF
excitations are accounted for at higher energies. The
absence of any dispersion and indeed of any apparent
wave vector dependence to the scattering cross section,
beyond that expected from the magnetic form factor of
the praseodymium ion (Fig. 10(b)), shows that this mode
is a single ion property. Even a local cluster excitation
within the frustrated spin system (zero energy mode) is
not viable as that would result in Q-dependent intensity
from the cluster structure factor.
It is interesting then that the Q-integrated local spec-
TABLE I. Refined structural parameters from fits to powder
neutron diffraction profiles of the x = 0 sample collected at
180 K, 60 K and 1.5 K on BT1. The crystal structure is
cubic with space group Fd3¯m with Pr located on 16(d) sites
(1/2, 1/2, 1/2), Ru located on 16(c) sites and O located on
48(f) (O1) and 8(b) (O2) sites (x, 1/8, 1/8) and (3/8, 3/8, 3/8)
respectively.
T (K) 180 60 1.5
a (A˚) 10.36494(5) 10.36048(4) 10.36031(4)
xO1 0.32919(8) 0.32932(7) 0.32929(6)
< u2 >(Pr) (A˚2) 0.0094(5) 0.0076(5) 0.0075(5)
< u2 >(Ru) (A˚2) 0.0032(4) 0.0027(4) 0.0027(3)
< u2 >(O1) (A˚2) 0.0047(3) 0.0046(3) 0.0048(3)
< u2 >(O2) (A˚2) 0.0047(6) 0.0044(5) 0.0041(5)
Rwp (%) 10.9 9.55 9.14
χ2 1.90 2.38 2.19
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FIG. 7. Low angle part of the neutron powder diffraction
profile of x = 0 as measured at 180 K (•), 60 K (+) and 1.5
K (*) on BT1. The solid black lines show the Rietveld fit of
the crystal structure (Table I) to the data, the residual of the
1.5 K fit (blue line) is shown at the bottom of the plot. The
tick marks shown indicate Bragg reflections coming from the
crystal structure of the x = 0 phase.
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FIG. 9. Low energy magnetic response, I˜(Q, h¯ω), of x = 0 (at
200 K (a), 100 K (b), 13 K (c) and 1.5 K (d)) and x = 0.97
(at 90 K (a), 15 K (b) and 1.5 K (c)).21
trum is not resolution limited (Fig. 10(a)). At 1.5 K the
observed feature appears to consist of two components,
a sharp one centered at ∼ 0.25 meV and a broad one
centered at ∼ 0.5 meV. As the temperature is increased
the sharp feature appears to decrease in intensity and to
collapse into the broad one; increasing the temperature
further results in the disappearance of the broad feature.
The energy integrated part of the spectrum (Fig. 10(b))
also shows a decrease in intensity with increasing tem-
perature without any apparent change in the dispersion
along Q. The dips observed (at all temperatures) at 0.7
A˚−1, ∼1.4 A˚−1 and ∼1.8 A˚−1 coincide with dips in the
nuclear incoherent scattering for the same detectors. As
a result these (sharp) modulations are extrinsic and may
be due to variations in detector channel sensitivity (e.g.
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FIG. 10. Low energy Q integrated (a) and h¯ω integrated (b)
inelastic neutron scattering intensity of x = 0 at 1.5 K (•),
13 K (◦), 100 K (⋄) and 200 K (✷). Data were obtained by
integrating the spectra shown in Fig. 9 over the range 0.5
≤ |Q| ≤ 1.5 A˚−1 and 0.1 ≤ h¯ω ≤ 1.0 meV respectively. For
(a) the energy binning is 2 (∆h¯ω = 0.02 meV) compared
to Figure 9. The dips observed (at all temperatures) at 0.7
A˚−1, ∼1.4 A˚−1 and ∼1.8 A˚−1 in (b) are due to variations in
detector channel sensitivity (see text for more details). The
solid lines shows |F (Q)|2 calculated for Pr3+ scaled to the
data. Insert shows the same data as in (a) multiplied by the
Bose factor.
shading of certain detectors by the radial collimator, un-
stable detector electronics etc.) that we were unable to
correct for in the data treatment. Even so, the disper-
sion appears to follow well the squared single ion form
factor of Pr3+ (shown as solid lines in Fig. 10(b)) at all
temperatures, indicating that there are no (or very weak)
spatial correlations between the Pr sites in this material.
Exact sum rules for I˜(Q, h¯ω)can be used to obtain ad-
ditional ”model independent” information temperature
dependence of the low energy magnetic response.40 The
following rules have been applied to determine the tem-
perature dependence of the integrated intensity and av-
erage energy of the low energy magnetic response
I˜ =
∫ ∞
−∞
I˜(h¯ω)h¯dω ≈
∫ ∞
0
(1 + e−βh¯ω)I˜(h¯ω)h¯dω (10)
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FIG. 11. Temperature dependence of the integrated intensity
(a) and average energy (b) of the low energy magnetic re-
sponse of x = 0, the insert shows the average energy without
detailed balance applied. The region of integration is over 0.5
≤ |Q| ≤ 1.75 A˚−1 and 0.1 ≤ h¯ω ≤ 2.75 meV.
< h¯ω > =
∫∞
−∞
h¯ωI˜(h¯ω)dω∫∞
−∞
I˜(h¯ω)dω
≈
∫∞
0
h¯ω(1− e−βh¯ω)I˜(h¯ω)dω∫∞
0 (1 + e
−βh¯ω)I˜(h¯ω)dω
. (11)
The result for all measured temperatures is shown in Fig-
ure 11. The drop observed in the integrated intensity be-
low 100 K is a result of the integration limits and is due
to the disappearance of quasi elastic scattering coming
from the ordered moments on the Ru sublattice. There
is a gapped excitation of ∼ 8 meV associated with the
ordered Ru moments (see Fig. 4b); as the temperature is
lowered below this energy, the first excited state becomes
depopulated and the quasi-elastic scattering associated
with it disappears. The temperature dependence of the
average intensity is consistent with what one would ex-
pect for a system that has a gapped excitation centred
at ∼ 0.5 meV.
IV. ANALYSIS AND DISCUSSION
A. EXAFS data
To obtain more quantitative information on the pres-
ence of local structural distortions, we have fitted the low
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FIG. 12. a) Fit of the Pr LIII edge data at 4 K for x = 0 from
1.8-3.8 A˚, for a FT range 3.5-10 A˚−1. b) Fits to the Pr-O
peak only, for the mixed sample, x = 0.97, from 1.6-2.5 A˚.
Again the FT range is 3.5-10 A˚−1; solid squares are the data
while solid lines are the fits.
temperature EXAFS data using theoretical functions for
each atom-pair, calculated with FEFF8.2.35 In such fits
the pair-distance and the broadening of the pair distri-
bution function, σ, for each peak are varied. The coor-
dination number we obtain from the known pyrochlore
structure and diffraction results. In addition, the edge
energy is varied slightly to correspond to the point on
the edge at which the photo-electron wavenumber, k, is
zero. The overall amplitude, using the parameter S2o, was
also allowed to vary. This parameter takes into account
multiple scattering contributions to the edge height and
is typically between 0.7 and 1.0. In our analysis, we ob-
tain an average value for S2o from fits to a number of low
temperature scans - Pr LIII; S
2
o=0.97, Bi LIII; S
2
o= 1.0,
and Ru K; S2o = 1.0; however because of the large positive
correlation between S2o and σ
2, there is a large systematic
error in this parameter. We have used the above values
of S2o for a given edge for comparison purposes.
In most of the following fits we focus primarily on the
nearest neighbor metal-O peaks, as they are easiest to fit,
except for the pure x = 0 sample, where we first show a
detailed fit out to ∼ 4 A˚ for the Pr LIII edge. This fit
includes Pr-O1, Pr-O2, the first metal-metal pairs (Pr-
Pr and Pr-Ru), longer Pr-O pairs, and multi-scattering
peaks (see Fig. 12a). We constrained the distances to
be consistent with the crystal structure (allowing for an
overall expansion of the unit cell) and used the coordina-
tion numbers from the structure to reduce the errors in σ.
We obtain a very good fit out to 3.8 A˚ that is consistent
with diffraction results; see Table II, for the parameters
of the first two O shells for comparison with fits of the
mixed sample. For more distant peaks we would need to
add additional neighbors to account for longer pair dis-
tances; for example, the fit at 4 A˚ is poor because longer
Pr-O, Pr-Pr, Pr-Ru, and multi scattering peaks are not
included.
For the mixed sample, we only fit the Pr-O peak as
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shown in Figure 12b. The amplitude of this peak is com-
parable to that for the pure x = 0 sample - the widths
change slightly (See Table II). This shows that the Pr-O1
and Pr-O2 bond lengths are only slightly distorted in the
mixed sample. However, note the much smaller ampli-
tude for the second main peak (a sum of Pr-Pr, Pr-Ru,
and Pr-Bi) for the mixed sample near 3.2 A˚.
The Ru K-edge data show similar behavior to the Pr
LIII edge data. First a good fit out to 4 A˚(not shown)
can be obtained, again showing a well ordered structure.
In Figure 13a-c we compare the fits for the Ru-O1 peak
in the Ru data collected for x = 0, x = 0.97, and x = 2.
The fit range used was 1.3-2 A˚, but a good fit extends
below 1 A˚. Above ∼2 A˚, the tails of higher peaks par-
tially interfere destructively with the Ru-O peak, but the
agreement is still quite good. In each case the Ru-O1
peak is large, indicating a well ordered structure. As for
the Pr LIII edge results, the Ru-O1 bond length agrees
with diffraction to better than 0.01 A˚ and are not tabu-
lated; the values of σ at 4K are given in Table III, and are
identical within our errors. However the further neigh-
bor peak near 3.3 A˚ changes, the amplitude grows as the
Bi concentration increases, most likely as a result of a
change in interference. For x = 0, the Ru-Ru and Ru-Pr
peaks are partially out of phase leading to a reduced am-
plitude; in x = 0.97, the Ru-Pr amplitude is reduced by
∼ 50% (and the Ru-Bi is disordered), and hence there is
less destructive interference. Because there is a changing
mixture of Ru-Ru, Ru-Pr and Ru-Bi pairs with increasing
Bi concentrations, a more quantitative characterization
of the disorder in the metal-metal peaks requires a more
detailed fit, which is beyond the scope of this paper.
Comparing the mean-squared atomic displacements
obtained from the fits to the neutron diffraction data (Ta-
ble I) with the σ2 values obtained for Pr-O1, Pr-O2 and
Ru-O1 (0.0033 A˚2, 0.0058 A˚2 and 0.0027 A˚2 respectively)
obtained from our EXAFS analysis (Tables II and III) for
x = 0 we can observe the following. The disorder in the
Pr-O1 and Ru-O1 bonds is very small while that for Pr-
O2 is about twice as large, also the ratio of the < u2 >
parameters for Pr and the O1/O2 atoms is close to 2.
This indicates that the O1 atoms have little disorder.
The two large quantities are < u2 > for Pr and σ2 for
Pr-O2. If Pr is displaced a little along the Pr-O2 axis
it will only affect the Pr-O2 and Pr< u2 > parameters.
This suggests that there is some intrinsic disorder on the
Pr site in the pyrochlore structure which could influence
the ground state properties.
To further explore possible disorder on the Pr site we
carried out a temperature dependent EXAFS study at
the Pr LIII edge. The temperature dependence of the
Debye-Waller factor σ2(T) provides an estimate of the
zero-point motion contribution to σ2 at low T; if there
is significant static disorder, σ2(4 K) will be larger than
expected. In Fig. 14 we plot σ2(T) for the Pr-O1, Pr-O2,
Pr-Ru, and Pr-Pr pairs. The solid lines are fits to a cor-
related Debye model. The Pr-O2 pair is a much stiffer
bond (low slope) but has a significant static contribution
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FIG. 13. Fits of the Ru-O1 peak for a) x = 0, b) x = 0.97,
and c) x = 2; data square points; fit of first Ru-O peak -
solid lines. The Ru-O peaks have nearly the same amplitude
indicating very little disorder of Ru-O in any sample. FT
range 4.5-14 A˚−1; fit range 1.3-2 A˚.
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FIG. 14. Plots of σ2 vs T for the Pr-O1, Pr-O2, Pr-Ru, and
Pr-Pr pairs from EXAFS data at the Pr LIII edge of x = 0.
The Pr-O2 pair has a significant static contribution to σ2 at
low T (∼ 0.0033 A˚2) compared to the Pr-O1 pair. A similar
behavior is observed when comparing the Pr-Ru and Pr-Pr
pairs; there is a significant static contribution to σ2 for the
Pr-Pr pair (∼ 0.0027 A˚2) but not the Pr-Ru pair at 4 K. The
solid lines are fits to a correlated Debye model. The correlated
Debye temperatures are: Pr-O1 - 520(30) K; Pr-O2 - 880(50)
K: Pr-Ru - 290(5) K; Pr-Pr - 316(5) K. Relative errors are in-
dicated by (); absolute errors, mainly from systematic effects
are ∼ 10 %.
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TABLE II. Results for the A-site: Pr-O and Bi-O peaks from fits for the Pr and Bi LIII edges of x = 0, x = 0.97 and x = 2.
The fit ranges for the Pr LIII edge are: x = 0, 1.8 - 3.8 A˚, and x = 0.97, 1.6-2.5 A˚ (Pr-O peak only). The ranges for the Bi fits
(O1 and O2 shells only) are: x = 2, 1.2-2.8 A˚ and x = 0.97, 1-2.4 A˚. Estimated errors on r, ± 0.01 A˚; estimated errors for σ2,
including systematic errors which dominate, ± 0.0005 A˚2. The diffraction results in last column are from this work for x = 0
and from Avdeev et al.36, (model h with an average position for O2) for x = 2. The Bi offcenter displacement, D, for x = 2 is
0.16 A˚ which is identical to the diffraction results of Avdeev et al.36 within our errors and also agrees with Shoemaker et al.37;
for x = 0.97, D = 0.17 ± 0.02 A˚.
Compound Atom Pair σ2 (A˚2) r (EXAFS) (A˚) r (diffraction) (A˚)
x = 0 Pr-O2 0.0058 2.27 2.25
x = 0 Pr-O1 0.0033 2.56 2.54
x = 0.97 Pr-O2 0.0049 2.23 2.23
x = 0.97 Pr-O1 0.0031 2.54 2.54
x = 0.97 Bi-O2 0.0031 2.258 -
x = 0.97 Bi-O1a 0.015 2.445 -
x = 0.97 Bi-O1b 0.0048 2.596 -
x = 0.97 Bi-O1c 0.013 2.738 -
x = 2 Bi-O2 0.0046 2.29 2.234
x = 2 Bi-O1a 0.0020 2.409 2.410
x = 2 Bi-O1b 0.0016 2.552 2.554
x = 2 Bi-O1c 0.0056 2.686 2.690
TABLE III. Results from fits of the Ru-O1 peak in Ru K-edge
data for for x = 0, x = 0.97, and x = 2; fit range 1.3-2 A˚.
Relative errors in σ2 ± 0.0004 A˚2.
Compound Atom Pair σ2 (A˚2)
x = 0 Ru-O1 0.0027
x = 0.97 Ru-O1 0.0028
x = 2 Ru-O1 0.0026
to σ2 at low T ∼ 0.0033 A˚2. A similar behavior is ob-
served for the Pr-Ru and Pr-Pr pairs which have the same
pair distance. The Pr-Ru PDF has little static disorder
while σ2 for the Pr-Pr pair has a large static contribu-
tion at 4K. The lack of significant disorder for Pr-O1,
Pr-Ru, and earlier Ru-O1, suggests that the disorder is
primarily along the Pr-O2 axis. Since < u2 > for O1 and
O2 are comparable and much smaller than < u2 > for
Pr (Table I), most of the disorder must be about the Pr
site. Assuming a Pr displacement along the Pr-O2 axis,
the magnitude is ∼ 0.05 - 0.06 A˚.
The data and simulations presented in Figures 1b
and 2b show considerable disorder of the Bi-O1 shell.
Since the Pr-O1 and Ru-O1 pair distributions are or-
dered (See Fig. 1a, c), this indicates that the disorder for
Bi-O1 arises from displacements of Bi from the ordered
A-site position, either away from or towards the ring of
O1 atoms, i.e. in a direction perpendicular to the Bi-O2
axis in the Bi4O2 tetrahedra. There may also be small,
correlated, translation-rotations of the A-tetrahedra con-
taining the Bi which could be accommodated by changes
in the Pr-O1-Ru angles with little disorder of the Ru-O1
and Pr-O1 bonds, consistent with the Pr and Ru EXAFS
discussed above.
Diffraction studies find a displacement of the Bi away
from the Bi-O2 axis in the end compound x = 2, and
attributed it to the 6s lone pair electrons on Bi3+.36 The
distortion has been modeled by allowing the Bi to move
off-center in six equivalent directions and then set the
filling fraction at 1/6. For example one direction for
Bi to move off-center is towards a Ru atom, or midway
between two O1 atoms (six possibilities) - this is called
the h-model, and the site is 96h (0,y,-y) in space group
Fd3¯m. They also considered a similar model with the
six off-center directions rotated by ∼30◦ i.e. approxi-
mately displaced towards the midpoint between two Ru
atoms or roughly towards an O1 atom - this is called
the g-model; site 96g (x,x,z). For this model, the off-
center displacements are not quite perpendicular to the
undistorted Bi-O2 axis and the ring of displaced sites is
slightly corrugated. In our first fits we tried just a broad
distribution for Bi-O1. These do not fit well and discrete
Bi-O1 distances are required as indicated in the diffrac-
tion studies.
The diffraction results also suggest that the O2 atoms
are displaced along four symmetry directions (with occu-
pancy 1/4 for each off-center site).36 Assuming that the
Bi and O2 off-center displacements are uncorrelated, this
leads to a very broad distribution of Bi-O2. We have tried
this distribution for O2 and it does not fit our EXAFS
data; although there is some broadening of the Bi-O2
distribution it is much smaller than suggested from un-
correlated displacements of Bi and O2. In the models we
compare below we use a single peak for Bi-O2 but allow
it to broaden slightly.
For the h-model there are three Bi-O1 peaks at r0 and
r0 ±δr, each with two O1 neighbors - thus the numbers
of neighbors in the peaks are in the ratio 2:2:2 and we
refer to it as the 222 model. For the g-model there are
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FIG. 15. Fits of the Bi-O peak (Bi-O1 and Bi-O2) for a) x = 2
and b) x = 0.97, using a single peak for Bi-O2 and the split
222 or h model for Bi-O1. The three peaks in the 222 model
are split by δr ∼ 0.16 A˚. For the mixed compound the Bi-O2
peak which is located near 1.8 A˚, has slightly less broadening
than in the pure Bi end compound, but the disorder of the
individual peaks for Bi-O1 is larger. Fit range 1.2-2.8 A˚ for
x = 2; 1.0-2.4 A˚ for 0.97.
four Bi-O1 distances, one O1 neighbor each at r0 ±δ1r
and two neighbors each at r0 ±δ2r; we therefore call this
model the 1221 model (the ratio of the O1 coordinations).
In fitting the O-peak one needs to remember that when
there are two quite close bond lengths (here the Bi-O1
and Bi-O2, or Pr-O1 and Pr-O2) then there will be in-
terference between the two components in r-space. The
dip at 1.7-1.8 A˚ for the Pr data and near 2.1 A˚ for the
Bi data are the results of this interference.
We have carried out fits using both the 222 and 1221
models above (h and g models in diffraction). The fits
were similar, with the h-model slightly better; however
the improvement in the goodness of fit parameter was
not statistically better based on the Hamilton F-test;38
thus Bi-O1 can be quite well modeled using either dis-
tribution. However Shoemaker et al.37 find the h-model
is better from nuclear density plots for x = 2. Con-
sequently we only show results for this model. In Fig-
ure 15a we show the fits of the Bi-O peak for x = 2 and
in Figure 15b the fit for the mixed compound x = 0.97.
The fit ranges are 1.2-2.8 and 1.0-2.4 A˚ respectively. The
data and fits show that for the short Bi-O2 peak, the pure
compound is slightly more disordered. In contrast for the
Bi-O1 peak, the amplitude from 2-2.8 A˚ is lower for the
mixed compound indicating more disorder in this mate-
rial. The fits also have a larger broadening of the three
individual split Bi-O1 peaks. Surprisingly the splitting
for the mixed sample is about the same - 0.17 A˚ within
our uncertainty, ± 0.02 A˚. Some parameters are provided
in Table II.
B. Single ion properties
In order to explain the observed local low energy spin
excitations in Pr2−xBixRu2O7 near the metal to insula-
tor transition, as well as the metallic spin-liquid behavior
in Pr2Ir2O7, it was important to determine the relevant
low energy spin degrees of freedom in these systems.21,41
For this we have analyzed the high energy magnetic re-
sponse of x = 0.97, x = 0 and Pr2Ir2O7 (Figs. 4 and 5) to
determine the ground-state and CF levels of Pr in these
materials. Preliminary analysis has already shown the
presence of 5 CF excitations, consistent with Pr3+ be-
ing in a CF of symmetry D3d whose CF Hamiltonian is
given by equation 6. For such a simple CF Hamiltonian
the dynamic spin correlation function given in equation 2
for a transition from the CF state |p > to |q > can be
simply rewritten to be
Sαα(Q, ω) =
∑
p,q
2
3
ρp| < p|J
α|q > |2
×δ(Ep − Eq + h¯ω) (12)
where ρp is the occupancy of the state |p > with energy
Ep. A Monte-Carlo search of the CF parameter space
was performed to obtain an initial set of CF parameters
used to fit the data. For the Monte-Carlo search and the
fitting of the CF parameters the spectra with incident
energies Ei= 35 meV and 160 meV were combined into
one spectra (Figs. 16 and 17). Problems arose during
the analysis of the CF excitations due to the additional
broadening of the CF level excitation at around 50 meV
compared to the other CF level excitations, which cannot
be accounted for by the simple single-ion CF Hamiltonian
given in equation 6. One possible explanation for such a
broadening is magneto-elastic coupling.
In general phonons and CF transitions are considered
to be decoupled and as such the measured spectra of both
phenomena can be determined and interpreted indepen-
dent of each other. However, if the energy separation of
the levels within the ground-state multiplet are compa-
rable with the energies of strong phonon modes, coupling
of the two systems may occur. Such a CF-phonon cou-
pling, observed by neutron scattering, is already known
from CeCu2 , YbPO4 and CeCuAl3.
42–46 It can result
in a broadening and over damping of energy levels that
cannot be explained by the simple single-ion CF model.
From Figure 3 it can be seen that the 50 meV CF excita-
tion lies on top of a large phonon background which is still
clearly visible at low scattering angles, while the other CF
excitations do not. It is not unreasonable to assume that
the broadening which is observed in these two systems for
the 50 meV CF excitation is due to CF-phonon coupling.
Additional (single crystal inelastic neutron scattering and
Raman scattering) experiments are needed to determine
whether or not this assumption is correct. In the current
analysis of the high energy magnetic response the pos-
sibility of CF-phonon coupling has not been taken into
account and only the simple single-ion CF Hamiltonian
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FIG. 16. Combined Ei= 35 meV and 160 meV magnetic re-
sponse of Pr2−xBixRu2O7 for x = 0.97 and x = 0 at 5 K (a,
c) and 200 K (b,d)(•). The solid lines show the calculated
spectra for Model 1 (blue line) and Model 2 (red line) us-
ing the fitted CF parameters listed in Table IV, including an
intrinsic Gaussian broadening of the transitions. Only this in-
trinsic Gaussian broadening has been allowed to vary between
x = 0.97 and x = 0.
TABLE IV. Fitted CF parameters of Pr2−xBixRu2O7 for x =
0. The parameters were obtained from fits to the magnetic
response at 5 K. All parameters are in meV.
Model 1 Model 2
B02 -8(1)×10−1 -1.3(2)
B04 -4.2(5)×10−2 -2(1)×10−3
B34 2.9(3)×10−1 6.4(8)×10−1
B06 7.7(2)×10−4 8.3(3)×10−4
B36 3(3)×10−3 1.09(6)×10−2
B66 4.1(8)×10−3 6(1)×10−3
(eq. 6) has been used. Such a simple single-ion CF model
also does not account for the additional broadening that
is observed for all CF level excitations in Pr2−xBixRu2O7
for x = 0.97 compared to x = 0.
1. Pr2−xBixRu2O7
Two sets of CF parameters were found from the Monte-
Carlo search of parameter space to give excitations at the
observed energies. These two sets of CF parameters have
been fitted to the 5 K spectrum of the pure material, al-
lowing for an intrinsic Gaussian broadening of the CF
transitions. Both models gave similar fits to the data.
The refined values of the individual CF parameters for
both models are listed in Table IV, while the correspond-
ing energy levels and eigenvectors are given in Table V.
It can be seen from Table V that these two models give a
slightly different level scheme for the excitations. Model
1 has a doublet ground-state, followed by a singlet, a dou-
blet, 2 singlets and a doublet, while Model 2 has a doublet
ground-state, followed by 3 singlets and 2 doublets. In-
TABLE V. Energies (Ei in meV) and CF wave functions
(ψi) of the 9-fold degenerate ground-state multiplet
4H3 of
Pr2−xBixRu2O7. The CF level energies and wave functions
were calculated for both models using the CF parameters
listed in Table IV.(<) represents a CF doublet level.
Ei Ψi
Model 1
0< ψg = 0.935| ∓ 4 > −0.073| ± 2 > ±0.348| ∓ 1 >
9.10 ψ1 = −0.166|3 > +0.972|0 > +0.166| − 3 >
61.02< ψ2 = ∓0.348| ∓ 4 > ∓0.013| ± 2 > +0.937| ∓ 1 >
86.02 ψ3 = 0.686|3 > +0.235|0 > −0.687| − 3 >
102.41 ψ4 = 0.707|3 > +0.707| − 3 >
117.44< ψ5 = 0.063| ∓ 4 > +0.989± 2 > ±0.039| ∓ 1 >
Model 2
0< ψg = 0.860| ∓ 4 > −0.121± 2 > ±0.495| ∓ 1 >
9.32 ψ1 = −0.626|3 > +0.465|0 > +0.626| − 3 >
57.92 ψ2 = 0.707|3 > +0.707| − 3 >
86.15 ψ3 = 0.329|3 > +0.885|0 > −0.329| − 3 >
102.49< ψ4 = 0.017 ∓ 4 > +0.978| ± 2 > ±0.210| ∓ 1 >
118.47< ψ5 = ±0.509| ± 4 > ±0.173| ∓ 2 > +0.843| ± 1 >
terestingly both models give a doublet ground-state and
a singlet first excited state. The symmetry of these two
states is the same in both models. The suggestion that
the Pr ions have a doublet ground-state is confirmed by
the observation that it is split due to either a low density
of extended defects or a density wave which generates a
continuum of local environments in the doped material.21
Figure 16 shows the calculated spectra of both models,
compared with the magnetic response of the pure and di-
lute material at 5 K and 200 K. For the dilute material
only the intrinsic Gaussian broadening has been allowed
to vary. At 5 K the possibility of an internal magnetic
field due to the ordering of the Ru sublattice in the pure
material has not been taken into account in the calculated
spectra. It can be seen from this Figure that, even though
the CF level energies that have been obtained are close to
those observed in the magnetic response of both materi-
als, there is a large discrepancy between the observed and
calculated spectra. At both 5 and 200 K Model 1 gives
a better description of the three excitations around 100
meV energy transfer then Model 2, while Model 2 gives
a slightly better description of the excitation at 10 meV
energy transfer. As expected both models have prob-
lems describing the broad excitation centred at around
50 meV energy transfer. They do however have similar
temperature dependence as is observed for the measured
magnetic response, i.e. both allow for a transition from
the first excited state at 10 meV to the second excited
state at around 50 meV energy transfer.
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FIG. 17. Combined Ei= 35 meV and 160 meV magnetic
response of Pr2Ir2O7 at 5 K (a) and 200 K (b)(•). The solid
lines show the calculated spectra for Model 1 (blue line) and
Model 2 (red line) using the fitted CF parameters listed in
Table VI, including an intrinsic Gaussian broadening of the
transitions.
TABLE VI. Fitted CF parameters of Pr2Ir2O7. The parame-
ters were obtained from fits to the magnetic response at 5 K.
All parameters are in meV.
Model 1 Model 2
B02 -6(2)×10−1 -0.9(1)
B04 -4.0(4)×10−2 -4.2(1)×10−2
B34 -3.0(4)×10−1 2.4(6)×10−1
B06 3.3(6)×10−4 7.3(4)×10−4
B36 -0(7)×10−3 3(5)×10−3
B66 8(2)×10−3 4(1)×10−3
2. Pr2Ir2O7
Due to the strong absorbing nature of the Pr2Ir2O7
sample it was found that a scaling factor was needed to
combine the Ei= 35 and 160 meV spectra. This scal-
ing factor was obtained by integrating the elastic line
in a region (1.4 ≤ Q ≤ 1.625 A˚) on the low angle
bank where the spectra overlap and determined to be
I˜(Ei = 160 meV)/I˜(Ei = 35 meV) = 1.27. As was the
case for Pr2−xBixRu2O7 two sets of CF parameters were
found from the Monte-Carlo search of parameter space to
give excitations at the observed energies. These two sets
of CF parameters have been fitted to the 5 K spectrum,
allowing for an intrinsic Gaussian broadening of the CF
transitions. The refined values of the individual CF pa-
rameters for both models are listed in Table VI, while the
corresponding energy levels and eigenvectors are given in
Table VII. It can been seen from Table VII that these
two models are very similar and only differ in the assign-
ment of the two highest energy excitations. Both models
give a doublet ground-state, followed by a singlet, a dou-
blet and a singlet in Model 1 this is then followed by a
doublet and a singlet, while for Model 2 this is reversed.
The symmetry of the doublet ground-state and the first
three excited states is the same in both models.
Figure 17 shows the calculated spectra of both models
compared with the magnetic response of Pr2Ir2O7 at 5 K
and 200 K. It can be clearly seen that, even though the
TABLE VII. Energies (Ei in meV) and CF wave functions
(ψi) of the 9-fold degenerate ground-state multiplet
4H3 of
Pr2Ir2O7. The CF level energies and wave functions were
calculated for both models using the CF parameters listed in
Table VI.(<) represents a CF doublet level.
Ei Ψi
Model 1
0< ψg = 0.929| ∓ 4 > −0.160| ± 2 > ∓0.348| ∓ 1 >
14.77 ψ1 = 0.233|3 > +0.944|0 > −0.232| − 3 >
57.01< ψ2 = ±0.345| ∓ 4 > +0.938| ∓ 1 > ∓0.014| ± 1 >
±0.005| ± 2 > +0.005| ± 4 >
86.67 ψ3 = −0.668|3 > +0.329|0 > +0.668| − 3 >
104.29< ψ4 = 0.139| ∓ 4 > ±0.119| ∓ 2 > ∓0.058| ∓ 1 >
+0.007| ± 1 > +0.980| ± 2 > ±0.017| ± 4 >
119.41 ψ5 = 0.707|3 > +0.707| − 3 >
Model 2
0< ψg = 0.950| ∓ 4 > −0.067± 2 > ±0.306| ∓ 1 >
14.62 ψ1 = −0.136|3 > +0.981|0 > +0.136| − 3 >
62.61< ψ2 = ∓0.305| ∓ 4 > +0.952| ∓ 1 > ±0.006| ± 1 >
±0.002| ± 2 > +0.002| ± 4 >
86.63 ψ3 = 0.694|3 > +0.192|0 > −0.693| − 3 >
104.28 ψ4 = 0.707|3 > +0.707| − 3 >
119.17< ψ5 = 0.064| ∓ 4 > ∓0.245| ∓ 2 > ±0.018| ∓ 1 >
+0.002| ± 1 > +0.990| ± 2 > ∓0.016| ± 4 >
CF level energies that have been obtained are close to
those observed in the magnetic response, there is a large
discrepancy between the observed and calculated spec-
tra. Both models give similar descriptions of the data
and mainly differ in the position the excitation centred
at around 50 meV. This is likely due to the broad na-
ture of this excitation. Not surprising their temperature
dependence is almost identical and similar to what is ob-
served for the measured magnetic response. Both allow
for a transition from the first excited state at 15 meV to
the second excited state at around 50 meV energy trans-
fer.
While it is clear from Figures 16 and 17 that the sim-
ple single-ion CF model does not allow for an adequate
description of the data and that there are additional in-
teractions of importance in this system that influence
the magnetic response, this analysis does however con-
firm the Pr ions have a doublet ground-state in both
systems. CF-phonon interactions might explain the un-
equal broadening of the 50 meV excitation, the additional
broadening of the excitations in the x = 0.97 material
could be due to alloying effects. Single crystal experi-
ments are needed to identify these additional interactions
and determine how they might couple to the CF level ex-
citations.
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FIG. 18. Rietveld fit (solid black line) of the Y2Ru2O7 model
to the x = 0 neutron powder diffraction profile measured at
1.5 K (•). The residual of the fit (blue line) is shown at
the bottom of the plot (Rp= 10.7%, Rwp= 8.63%, Rmagn=
5.49%, χ2= 1.91, µ(Ru)= 1.48(4) µB).The upper, middle and
lower tick marks indicate Bragg reflections coming from the
crystal, magnetic structure of the x = 0 and RuO2 impurity
phase respectively.
C. Magnetic ordering
As was noted in section III C when cooling the x = 0
sample through TN additional Bragg intensity is ob-
served that cannot be accounted for by nuclear contri-
butions only and must come from long-range ordering
of the moments associated with the Ru sublattice. The
magnetic Bragg peaks sit on top of nuclear Bragg peaks
and can be indexed using a k= (0,0,0) propagation vector
and their increase below TN is similar to that observed
for Y2Ru2O7.
14 Indeed, using the model proposed for
Y2Ru2O7 gives a very good fit to the data (Fig. 18).
The ordered Ru moment (1.48(4) µB) found is similar to
that obtained for Y2Ru3O7 (1.36 µB). As the magnetic
transition is second order we have performed representa-
tional analysis using the SARAh program to gain a more
detailed understanding of the Ru ordering in x = 0.47
1. Representational analysis
Representational analysis shows that for space group
Fd3¯m with propagation vector k= (0,0,0) the magnetic
representation of the Ru (and Pr) sublattice can be de-
composed in terms of the following irreducible represen-
tations (IRs):
Γmag = Γ
1
3 + Γ
2
6 + Γ
3
8 + 2Γ
3
10. (13)
The corresponding basis vectors (BVs) are listed in Ta-
ble VIII. We have fitted each IR to the diffraction profiles
collected at 1.5 K and 60 K. This was done to look for
evidence of possible Pr ordering at low temperatures. It
was found for all IRs that adding an ordered moment on
the Pr sublattice did not significantly improve the fit to
TABLE VIII. Corresponding BVs of the IRs given in Equa-
tion 13. The Ru/Pr atoms of the nonprimative basis are de-
fined according to 1: (0, 0, 0)/(.5, .5, .5), 2: (.5, .75, .25)/(0,
.25, .75), 3: (.25, .5, .75)/(.75, 0, .25) and 4: (.75, .25, .5)/(.25,
.75, 0).
IR BV BV components
atom 1 atom 2 atom 3 atom 4
ma mb mc ma mb mc ma mb mc ma mb mc
Γ3 ψ1 1 1 1 -1 -1 1 -1 1 -1 1 -1 -1
Γ6 ψ2 2 -1 -1 -2 1 -1 -2 -1 1 2 1 1
ψ3 0 -1 1 0 1 1 0 -1 -1 0 1 -1
Γ8 ψ4 1 -1 0 -1 1 0 1 1 0 -1 -1 0
ψ5 0 1 -1 0 1 1 0 -1 -1 0 -1 1
ψ6 -1 0 1 -1 0 -1 1 0 -1 1 0 1
Γ10 ψ7 1 1 0 -1 -1 0 1 -1 0 -1 1 0
ψ8 0 0 1 0 0 1 0 0 1 0 0 1
ψ9 0 1 1 0 1 -1 0 -1 1 0 -1 -1
ψ10 1 0 0 1 0 0 1 0 0 1 0 0
ψ11 1 0 1 1 0 -1 -1 0 -1 -1 0 1
ψ12 0 1 0 0 1 0 0 1 0 0 1 0
the data and that the ordered Pr moment (up to ∼0.3
µB) is much lower then the saturated moment expected
from the doublet ground state (1.56 µB). Allowing for
the Ru and Pr ordering being described by different IRs
gave the same result. This suggests that down to 1.5 K
there is no ordering on the Pr sublattice. The results of
the fits to the 1.5 K data, listed in Table IX, shown in
Figure 19 and discussed below, therefore only take into
account an ordered moment on the Ru sublattice.
Of all four possible IRs only Γ8 does not want to fit to
the data. This can be explained by the fact that while for
this model the calculated Bragg intensities of the (111)
and (002) reflections are close to being equal in the data
no magnetic intensity is observed for the (002) reflec-
tion (Fig. 19(c)). While Γ3 and Γ10 do fit to the data
slightly better it can be seen from Figs. 19(a) and (d)
that they only allow for magnetic intensity on the (220)
and (111) reflection respectively (in the shown 2θ range).
As both reflections are observed, these IRs do not de-
scribe the observed ordering. Γ6 has 2 associated BVs
(with moments either off-diagonal (along [211]) or co-
planar (along [011])), fitting each individually gives an
identical fit to the data describing all the observed mag-
netic Bragg scattering (Fig. 19(b) shows the fit of ψ2 to
the data). Due to the powder averaging we are unable
to distinguish between these two BVs and/or determine
whether the actual magnetic structure is a combination
of the two. For this a single crystal diffraction experiment
will be needed.
In summary our analysis has shown that describing
the ordering of the Ru moments in x = 0 either by the
model proposed for Y2Ru2O7 or by the IR Γ6 of space
group Fd3¯m gives identical fits to the data (Figs. 18
and 19). Closer examination of both models reveals that
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TABLE IX. Refined magnetic parameters from fits of the indi-
vidual IRs given in Equation 13 to powder neutron diffraction
profiles of the x = 0 sample collected at 1.5 K. For the fits
of Γ8 to the data the size of the ordered moment was fixed
to 1.41 µB . For Γ8 and Γ10 only ψ4 and ψ7 + ψ8 respectively
were fitted to the data as the other associated BVs are related
by alternative choice of lattice axis.
IR Γ3 Γ6 Γ8 Γ10
BV ψ1 ψ2 ψ3 ψ4 ψ7 + ψ8
Rp (%) 11.1 10.7 10.7 11.2 11.0
Rwp (%) 8.94 8.62 8.62 9.21 8.84
Rmagn (%) 6.82 5.52 5.49 49.6 18.5
χ2 2.048 1.905 1.905 2.169 2.002
µRu (µB) 1.38(5) 1.49(5) 1.47(3) 1.41 1.50(11)
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FIG. 19. Rietveld fits (solid black lines) of Γ3 (a), Γ6 (b),
Γ8 (c) and Γ10 (d), with ordered moments only on the Ru
sublattice, to the x = 0 neutron powder diffraction profile
measured at 1.5 K (•). The residual of the fits (blue lines) is
shown at the bottom of the plots. The upper and lower tick
marks indicate Bragg reflections coming from the crystal and
magnetic structure of x = 0 respectively.
the two associated BVs of Γ6 are special cases of the
more general description used for Y2Ru2O7 and these
models are therefore identical (Fig. 20).14 Unlike what is
found for the other magnetic rare earth containing Ru-
pyrochlores this suggests that the the ordering of the Ru
moments in x = 0 is not influenced by the Pr rare earth
anisotropy.16,17 This in turn implies that the Pr ground-
state is non-magnetic and can explain why no ordering
associated with the Pr sublattice is observed down to 100
mK. Interestingly the ordering observed for x = 0 (and
Y2Ru2O7) is the same as found for Er2Ti2O7, there the
rare earth anisotropy selects co-planar ordering (ψ3).
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2. Temperature dependence
Figure 21 shows the temperature dependence of the
ordered Ru moment, which was obtained by fitting the
neutron power diffraction data using ψ2 to describe the
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FIG. 20. Alignment of the magnetic Ru moments, according
to ψ2, ψ3 and Y2Ru2O7, within a single single tetrahedra.
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FIG. 21. Temperature dependence of the ordered Ru moment.
Ru ordering. This clearly shows the onset of an ordered
Ru moment below 170 K confirming that the anomaly ob-
served in both the specific heat and magnetization mea-
surements at 165 K is associated with the ordering of
the Ru-sublattice.50,51 As the temperature is further de-
creased the size of the ordered moment increases, to level
off below 100 K to a value of 1.5 µB . This is in line with
what is observed in the other Ru-pyrochlores.14,16,17
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D. Static disorder
E. Low energy magnetic response
Comparing the low energy magnetic response of the
pure (x = 0) with that of the previously measured Bi-
doped material (x = 0.97), Figure. 9, one observes the
following. In both samples the wave vector dependence
of the dispersion indicates that it is associated with Pr3+
single ion physics and must arise from splitting of the
doublet ground state. However, while for x = 0 the peak
in the dispersion is rather sharp (but not resolution lim-
ited) and temperature dependent, for x = 0.97 it is broad
and temperature independent. The presence of lone pairs
on the Bi in x = 0.97 (non-magnetic and close to the
insulator to metal transition) result in a low density of
extended defects or a density wave which generates a
continuum of local Pr environments that is temperature
independent.
The EXAFS results show that the environment about
Bi is highly disordered for both the x = 0.97 and x = 2
samples. This disorder on those A sites occupied by Bi
will modify the CF experienced by neighboring Pr ions.
Since Pr is a non-Kramers ion (and the determined dou-
blet ground state relies on D3d point group symmetry)
this distribution of local distortions will lead to a broad-
ened or split ground state. In the pure material this
scenario with Bi is not possible, but the EXAFS data in-
dicate a small, but significant, disorder of the Pr atoms
along the Pr-O2 axis which may also spit the ground
state. Another possible scenario that might explain the
splitting of the Pr doublet ground state in the x = 0 ma-
terial is that it results from the Ru-sublattice ordering.
It has already been observed for Y2Ru2O7 that mag-
netoelastic effects play an important role in allowing the
ordering of the Ru-sublattice to occur.52,53 While no op-
tical data is available for x = 0 the ordering observed
is identical to that of Y2Ru2O7, as such it is very likely
that the observed spin-phonon interactions that allow for
the ordering in Y2Ru2O7 are also present in x = 0. This
combined with the lowering of the symmetry due to the
Ru ordering can result in a distribution of internal fields
(exchange and/or strain) which in turn leads to the ob-
served splitting of the doubled ground state.
V. CONCLUSIONS
We have performed EXAFS, elastic and both high and
low energy inelastic neutron scattering measurements on
Pr2−xBixRu2O7 to understand the magnetic properties
of this materials and complete those already reported by
us.21 The EXAFS measurements reveal that the Ru en-
vironment (B-site) remains well ordered throughout the
series. In the case of the A-site, the Pr environment
has some small, but significant, intrinsic disorder along
the Pr-O2 axis which likely contributes to the splitting
of the Kramers doublet. In contrast, the environment
about Bi is highly disordered, and is attributed to the 6s
lone pairs on Bi3+, which result in an off-center displace-
ment. In agreement with previously reported diffrac-
tion studies the Bi appears to move midway between
two O1 atoms. Our CF measurements reveal that the
Pr ions have a doublet ground state and singlet first
excited state (ψg = | ∓ 4 > −| ± 2 > ±| ∓ 1 > and
ψ1 = |3 > +|0 > +|−3 > respectively). It was confirmed
that this is also the case for Pr2Ir2O7. The high energy
inelastic neutron scattering data also suggest that strong
CF-phonon coupling is present in both systems. Fits to
the diffraction data of the x = 0 end member reveal no
evidence (within our experimental resolution) of a struc-
tural distortion associated with the ordering of the Ru
moments below TN . The magnetic ordering of the Ru
sublattice is similar to that of Y2Ru2O7 (or by IR Γ6 of
space group Fddm).14 The ordering of the Ru moments
is not influenced by the Pr rare earth anisotropy and no
ordering of the Pr sublattice was observed down to 1.5
K. The low energy magnetic response of Pr2−xBixRu2O7
shows the presence of of a (broad) dispersion associated
with the splitting of the Pr doublet ground state. For
x = 0 it is found to be temperature dependent, while
for x = 0.97 it is not. The nature of the splitting of
the (non-Kramers) doublet ground state changes upon
doping, going from being intrinsic and/or magnetoelas-
tically induced in x = 0 to result from Bi induced A-site
disorder in x = 0.97. These measurements show that
the Pr ground-state can be very sensitive to local pertur-
bations (be they ex- or intrinsic), something that needs
to be taken into account when studying materials con-
taining this and other non-Kramers rare earth ions, e.g.
Tb2Ti2O7, Hg2Ti2O7 or LiHoxY1−xF4.
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